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摘  要 
β-葡萄糖苷酶（β-glucosidase）是一类外切糖苷水解酶，在纤维素生物质的降解
过程中起着重要的作用。本课题组在前期的工作中已取得一定的研究成果：成功将来






佳碳源是料水比为 1:5 的麦芽汁，氮源是 15%的麸皮汁。生长阶段补加 4%的鱼粉有
效提高了重组菌产酶能力。在温度 28 ℃、转速 220 rpm、接种龄 20 h、接种量 4%、
甲醇添加量 1.5%的发酵条件下发酵 5 d， 酶活力达到 9.13 IU/mL，比优化前的纯麦
芽汁培养基提高了 127.68%。 
（2）一步发酵法培养基配方和发酵条件的优化：以麦芽-麸皮汁为基础培养基，
补充 4% 鱼粉氮源。在温度 28 ℃、转速 220 rpm、接种龄 20 h、接种量 4%、装液量
30 mL、甲醇添加量 1.0%、K2HPO4 添加量 0.5%、生长阶段补加葡萄糖 0.375%、发酵
阶段补加葡萄糖 0.075%的条件下发酵 5 d，酶活力达到 10.75 IU/mL；通过 5 因素 4
水平正交实验结果显示，补料以鱼粉添加量 4%、甲醇添加量 1.5%、生长葡萄糖添加
量 0.375%、发酵葡萄糖添加量 0.1%、K2HPO4添加量 0.5%时，酶活力达到 12.35 IU/mL；
利用正交设计数据与 BP 神经网络和遗传算法相结合，得到最高酶活力 13.49 IU/mL，
其相应的配方为：鱼粉添加量 4.70%、甲醇添加量 1.75%、生长期间葡萄糖添加量 0.39%、
发酵期间葡萄糖添加量 0.06%、K2HPO4 添加量 0.77%。 
（3）研究了 β-葡萄糖苷酶协同降解竹纤维的效果。当在每克经过预处理的竹纤
维底物中添加纤维素酶（FPA）15 IU、β-葡萄糖苷酶 6 IU 时，酶解 36 h 的得率为 
74.31%，比只添加纤维素酶时提高了 8.13%；当每克底物中添加纤维素酶（FPA）15 IU、
β-葡萄糖苷酶 6 IU、木聚糖酶 150 IU 时，酶解 36 h 的得率为 79.86%；当每克底物中














时，酶解 36 h 的得率为 82.4%。  
本文采用廉价培养基和一步发酵法培养毕赤酵母工程菌 BP17 产 β-葡萄糖苷酶，
使得生产培养基成本降为原来的 3.22%，所得培养基为毕赤酵母工程菌的工业化高效
低成本生产奠定了基础。 















                              Abstract 
β-glucosidase is a kind of hydrolase that leads an important role in lignocellulose 
degradation. Some significant results have been got in our previous study: the 
β-glucosidase gene from Hypocrea Orientalis EU7-22 has been cloned and expressed in 
Pichia pastoris. The price of commonly used medium (BMGY and BMMY) is very 
expensive, which is unfit for industrial production. In this thesis, a cheap medium was 
created to produce β-glucosidase and the synergetic effect of β-glucosidase with other 
enzymes in pretreated bamboo degradation was studied. The main results are as follows: 
(1) The optimized medium component and fermentation conditions of two-phase 
fermentation were obtained as following: the optimal carbon source is wort with the ratio 
of solid to water 1:5, the optimal nitrogen source is 15 g wheat bran/100 g malt, 4% fish 
meal in growth stage was added. Under the condition of 28 ℃, 220 rpm, 20 h inoculating 
age, 5% inoculating amount and 1.5% methanol addition, the activity of β-glucosidase for 5 
days fermentation was 9.12 IU/mL which is increased 127.68% compared with the wort 
medium. 
(2) The optimized medium component and fermentation conditions of one-phase 
fermentation were obtained as follows: using malt-wheat bran juice as the basic medium, 
the optimal addition of fish meal is 4%. Under the condition of 28 ℃, 220 rpm, 20 h 
inoculating age, 4% inoculating amount, 30 mL/250 mL quantum, 1.0% methanol addition, 
0.5% K2HPO4 addition, 0.375% glucose in growth stage and 0.075% glucose in 
fermentation stage, the activity of β-glucosidase after 5 days fermentation was 10.75 
IU/mL. The optimal components were selected by orthogonal L16(4
5
) test. According to the 
orthogonal test, 12.35 IU/mL enzyme activity was obtained under the conditions (%): Fish 
meal 4, Methanol 1.5, Glucose in growth stage 0.375, Glucose in fermentation stage 0.1, 
and K2HPO4 0.5. And then orthogonal data was combined with BP neural network and 
genetic algorithm in order to obtain the highest enzyme activity. The maximum activity of 
13.49 IU/mL under the corresponding medium components (Fish meal 4.7; Methanol 1.75; 














(3) The results of synergistic effect of β-glucosidase with other enzymes were as 
follows: 15 IU FPA/g substrate supplemented with 8 IU β-glucosidase/g substrate 
hydrolyzed 74.31% of the cellulose into monosaccharide within 36 h, the yield of 
hydrolysis has raised 8.13% as compared to adding cellulase only. 15 IU FPA/g substrate 
and 8 IU β-glucosidase/g substrate supplemented with 150 IU xylanase/g substrate 
hydrolyzed 79.86% of the cellulose into monosaccharide within 36 h. 15 IU FPA, 8 IU 
β-glucosidase and 150 IU xylanase/g substrate supplemented with 6 IU β-xylosidase/g 
substrate hydrolyzed 82.4% of the cellulose into monosaccharide within 36 h.   
This study used cheap medium and one-phase fermentation method to produce 
β-glucosidase by recombinant P. pastoris BP17, which reduced the cost of culture medium 
to 3.22% of that of two-phase fermentation with BMGY and BMMY. The results provide a 
foundation on low-cost and efficient industrialized production of recombinant P. pastoris.     
Keywords: β-glucosidase；medium components optimization；fermentation conditions 
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1  前言 
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1.1  β-葡萄糖苷酶 
1.1.1  β-葡萄糖苷酶概述  


























糖苷酶进行分类，可以将其分在糖酶水解酶家族 1 和家族 3 中。家族 1 中的 β-葡萄
糖苷酶来源于细菌、植物和哺乳动物，具有葡萄糖苷酶活性并常伴有半乳糖苷酶活











糖苷水解酶家族已有 132 个[8]。已有文献报道的 β-葡萄糖苷酶都属于糖苷水解酶家
族 GH1、GH3、GH5、GH9 和 GH30，其中 GH1 家族包含了大量的具有特色的 β-
葡萄糖苷酶[11]。那些具有相似催化结构域和催化氨基酸保守性的家族可能具有相同
的祖先和催化机制，因此它们被分在一个部族。其中部族 CH-A 包含了 β-葡萄糖苷
酶家族 GH1、GH5 和 GH30 在内的众多家族。 
1.1.3  β-葡萄糖苷酶的功能及应用 
（一）β-葡萄糖苷酶在哺乳动物、植物和微生物中的功能 
（1）哺乳动物中 β-葡萄糖苷酶的功能 
哺乳动物中包含了 GH1 家族的乳糖酶根皮苷水解酶和细胞质的 β-葡萄糖苷酶、
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